BACKGROUND: Preeclampsia is a life-threatening disorder of pregnancy, demonstrating a high degree of heterogeneity in clinical features such as presentation, disease severity, and outcomes. This heterogeneity suggests distinct pathophysiological mechanisms may be driving the placental disease underlying this disorder. Our group recently reported distinct clusters of placental gene expression in preeclampsia and control pregnancies, allowing for the identification of at least 3 clinically relevant gene expression-based subtypes of preeclampsia. Histopathological examination of a small number of samples from 2 of the gene expressionebased subtypes revealed placental lesions consistent with their gene expression phenotype, suggesting that detailed placental histopathology may provide further insight into the pathophysiology underlying these distinct gene expression-based subtypes. OBJECTIVES: The objective of the study was to assess histopathological lesions in the placentas of patients belonging to each identified gene expressionebased subtype of preeclampsia, characterized in our previous study. Our goal was to further understand the pathophysiologies defining these gene expressionebased subtypes by integrating gene expression with histopathological findings, possibly identifying additional subgroups of preeclampsia patients. STUDY DESIGN: Paraffin-embedded placental biopsies from patients included in the gene expression profiling study (n ¼ 142 of 157, 90.4%) were sectioned, hematoxylin and eosin stained, and imaged. An experienced perinatal pathologist, blinded to gene expression findings and clinical information, assessed the presence and severity of histological lesions using a comprehensive, standardized data collection form. The frequency and severity scores of observed histopathological lesions were compared among gene expressionebased subtypes as well as within each subtype using using Fisher exact tests, Kruskal-Wallis tests, and hierarchical clustering. The histological findings of the placental samples were visualized using t-distributed stochastic neighbor embedding and phylogenetic trees. Concordance and discordance between gene expression findings and histopathology were also investigated and visualized using principal component analysis. RESULTS: Several histological lesions were found to be characteristic of each gene expressionebased preeclampsia subtype. The overall concordance between gene expression and histopathology for all samples was 65% (93 of 142), with characteristic placental lesions for each gene expressionebased subtype complementing prior gene enrichment findings (ie, placentas with enrichment of hypoxia-associated genes showed severe lesions of maternal vascular malperfusion). Concordant samples were located in the central area of each gene expressionebased cluster when viewed on a principal component analysis plot. Interestingly, discordant samples (gene expression and histopathology not reflective of one another) were generally found to lie at the periphery of the gene expressionebased clusters and tended to border the group of patients with phenotypically similar histopathology. CONCLUSION: Our findings demonstrates a high degree of concordance between placental lesions and gene expression across subtypes of preeclampsia. Additionally, novel integrative analysis of scored placental histopathology severity and gene expression findings allowed for the identification of patients with intermediate phenotypes of preeclampsia not apparent through gene expression profiling alone. Future investigations should examine the temporal relationship between these 2 modalities as well as consider the maternal and fetal contributions to these subtypes of disease.
Key words: disease subtypes, gene expression, placenta pathology, preeclampsia P reeclampsia (PE) is a life-threatening disorder of pregnancy, characterized by hypertension and end-organ dysfunction. 1 Affecting 3e8% of pregnancies worldwide, PE is responsible for >76,000 maternal deaths annually. 2, 3 Maternal complications from PE include eclampsia, pulmonary edema, and liver rupture that can permanently alter a mother's life during and after her pregnancy. 4, 5 Moreover, it is increasingly recognized that PE is a significant risk factor for premature cardiovascular disease in these women. 6e8 Fetal well-being is also significantly affected by PE, increasing the risk of stillbirth, fetal growth restriction, and iatrogenic preterm birth. 3, 9 Interventions to prevent and treat PE remain largely elusive, with the delivery of the placenta being the only definitive cure for the disorder, despite necessitating preterm delivery of the fetus in some cases. 4, 10 Causes of PE are multifactorial in nature with genetic, environmental, and maternal constitutional contributions that have yet to be fully elucidated. 11 While it is believed that placental dysfunction underlies the majority of PE cases, 12 heterogeneity in clinical presentation and outcomes, disease severity, and placental pathology between women with PE suggest that multiple forms of placental disease in PE exist. 13 For Original Research ajog.org example, aspirin is most effective in reducing the recurrence of preterm, but not term, PE and reduces the risk of PE in women with risk factors for the disease. 14e16 Likewise, common pathological lesions such as maternal vascular malperfusion are typically seen in preterm PE but have been reported in severe disease at term. 17e19 Additionally, there remains a significant proportion of cases that have minimal evidence of overt placental pathology. 18, 20, 21 Recent hypotheses and accumulating evidence suggest that PE is likely a disorder encompassing several distinct subtypes of disease, beyond the traditional separation of early-vs lateonset PE. Efforts aimed at concretely identifying, understanding, and characterizing these subtypes would not only advance our understanding of this heterogeneous disorder but also offer the opportunity to provide etiology-based interventions, therapeutics, and management in a personalized medicine approach.
In an effort to uncover possible subtypes of PE, we recently used genomewide microarray analysis to obtain gene expressionebased profiles of 157 placentas from PE and control pregnancies. 25 Unsupervised clustering identified 5 distinct clusters of placental gene expression, including three clinically significant subtypes of PE: maternal PE patients with placental gene expression profiles similar to women with healthy pregnancies (cluster 1/PE subtype 1); canonical PE patients with high placental expression of known PE markers (ie, fms-like tyrosine kinase-1, endoglin) and genes related to hypoxia and altered hormone secretion (cluster 2/ PE subtype 2); and immunological PE patients exhibiting an overrepresentation of immune and proinflammatory genes (cluster 3/PE subtype 3).
The control pregnancies primarily split into 2 gene expressionebased clusters, with the healthy term controls clustering alongside the maternal PE patients (cluster 1) and the preterm controls samples (delivery <34 weeks) forming a unique cluster defined by the overrepresentation of genes related to cell proliferation and stress response (cluster 4).
An additional fifth group of PE patients was also discovered in this clustering analysis, with no strong clinical, gene enrichment, or epigenetic 26 associations (cluster 5). Further investigation determined this cluster to be the likely result of chromosomal abnormalities related to confined placental mosaicism and not necessarily a distinct gene expressionebased subtype of PE.
While clustering was successful in identifying gene expressionebased subtypes of PE, this particular method of analysis allows only for a strict singular classification of each patient that may omit cases of mixed pathophysiology and/or gradients of disease severity. Visualization of the placental gene expression showed that some patient samples were located at the border of 2 neighboring clusters suggesting the following: (1) in some women, multiple pathophysiologies (eg, hypoxia and immune deregulation) may be contributing to the development of PE; and/or (2) placental gene expression profiling on its own was insufficient to properly identify all possible subtypes of PE pathophysiology.
In the present study, we sought to further characterize these gene expressionebased subtypes of PE using detailed placental histopathology in an effort to better understand the pathophysiologies underlying our PE subtypes and to test our hypothesis that detailed placental histopathology would reflect gene expression changes associated with each of our previously identified PE subtypes. By investigating the relationship between changes in gene expression and structural modifications in the placenta, with inferred functional alterations, we can gain a better understanding of the damage and pathology in the placentas of specific groups of patients.
In addition to offering complementary insight into the underlying placental pathologies observed across the gene expressionebased PE subtypes, the additional contextual information provided through comprehensive placental histopathology offers the possibility of identifying smaller, subtler groups of PE patients, thereby refining the paradigm of divergent underlying placenta pathophysiology in PE.
AJOG at a Glance
Why was the study conducted? The high degree of patient heterogeneity observed in cases of preeclampsia has hindered our ability to identify and develop highly effective therapeutic interventions for this disorder. It is speculated that this clinical heterogeneity may speak to the presence of several preeclampsia disease subtypes, a hypothesis strengthened by our recent identification of at least 3 distinct placental gene expression profiles in preeclampsia. To date, a comprehensive characterization of the placental disease underlying each of these preeclampsia subclasses has yet to be undertaken.
Key Findings
The integration of placental histopathology findings with prior placental gene expression and clinical profiles confirmed the presence of 3 clinically relevant subtypes of preeclampsia with divergent underlying pathophysiology. The contextually rich data set further identified gradients of disease severity within each subtype as well as cases with mixed forms of placental disease.
What does this add to what is known?
This body of work has identified distinct subtypes of placental disease in preeclampsia, confirmed at both the molecular and anatomical level, of which at least 2 are not currently well defined in the literature. These findings help explain the high degree of heterogeneity observed in the preeclampsia patient population and highlight relevant avenues for discovery of effective therapeutic interventions for this disorder.
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Materials and Methods
In this study, we utilized banked placental tissue from the same patients (both PE and controls) included in our gene expression study. 25 Detailed histopathological assessment was performed on placental tissue from patients included in our previous study using a standardized data collection form, and previous gene expression data were integrated with histopathology findings for analyses (described in the following text). A Glossary of Terms for terminology used in the following sections is provided in Supplemental Figure 1 .
Patient cohort
Details pertaining to the patient cohort used in this study have been previously described. 25 Briefly, 157 women with singleton normotensive pregnancies (n ¼ 53), pregnancies with chronic hypertension (n ¼ 24), or pregnancies with PE (n ¼ 80) were selected from the Research Centre for Women's and Infants' Health (RCWIH) BioBank (Toronto, Canada).
PE was defined as the onset of hypertension (systolic pressure !140 mm Hg and/or diastolic pressure !90 mm Hg) after 20 weeks' gestation with proteinuria (>300 mg protein/d or !2þ by dipstick) according to diagnostic guidelines at the time of the original study. 27, 28 Chronic maternal hypertension was defined as systolic pressure !140 mm Hg and/or sustained diastolic !90 mm Hg before 20 weeks' gestation.
Appropriate for gestational age was defined as a neonatal birthweight >10th percentile for gestational age and sex, 29 and small for gestational age (SGA) was defined as a neonatal birthweight <10th percentile for gestational age and sex. 29 Estimated fetal weight, umbilical artery pulsatility index, and middle cerebral artery pulsatility index were converted to a percentile for gestational age at testing, according to respective reference charts. Placental tissue biopsies from each patient were purchased from the RCWIH Biobank. Placenta sampling procedures and gene expression analysis methods used to determine gene expressionebased subtype membership of each placenta have been previously described. 25 Briefly, a total of 4 placental core biopsies (1.5 cm Â 1.5 cm) were randomly excised from representative sites of the placental disc (1 biopsy per quadrant, full thickness excluding the chorionic plate). Areas of gross pathology were avoided.
Each core biopsy was rinsed in phosphate-buffered saline to remove maternal blood and cut into smaller pieces. Tissue samples from all 4 sites were pooled and transferred to vials for snap freezing in liquid nitrogen or fixing in paraformaldehyde. From snap-frozen tissue, messenger RNA was extracted and hybridized against Human Gene 1.0 ST array chips from Affymetrix (Affymetrix, Santa Clara, CA).
The microarray data (Gene Expression Omnibus database, GSE75010) was processed, normalized, and converted into log2 values in R 33 and underwent unsupervised multivariate clustering, identifying 5 unique gene expressionebased subtypes of placental gene expression using the Bayesian information criterion.
Placenta histopathology
Wax-embedded placental tissue biopsies and corresponding placental pathology reports from each patient included in the previous gene expression study were purchased through the RCWIH BioBank. In total, 142 patients of the original 157 microarray patients had placental histopathology samples available. Paraformaldehyde-fixed, wax-embedded tissue from the pooled core biopsies randomly selected from each quadrant of the placenta (as described in the previous text) was sectioned (5 mm thick) and stained with hematoxylin and eosin using standard laboratory protocol. 34 High-resolution digital images of the stained sections were taken using the Aperio ScanScope C2 microscope (Leica; Concord, Ontario, Canada). A single experienced perinatal pathologist, blinded to gene expression results and clinical outcomes (excluding gestational age at delivery), examined the digital images and graded histological lesions using a standardized comprehensive data collection form 25, 35, 36 with prespecified severity criteria derived from clinical practice guidelines and published literature 37e44 (Supplemental Table 1 ). To achieve a quantitative output for the severity of pathology in each placenta, a severity scoring system was derived from published consensus statements and practice guidelines and included in the data collection form. For lesions with a binary designation (ie, present or absent), a score of 0 was assigned when the lesion was absent or a score of 1 was assigned if it was present.
For lesions with a grading severity scheme, the scoring system followed the grading scale in linear fashion. For example, if the lesion is graded as focal, patchy, or diffuse, we assigned a score of 1 for focal, 2 for patchy, or 3 for diffuse. A score of 0 was again assigned if the lesion was not present.
Individual lesions were grouped according to broad etiological categories, and a maximum severity score for each category was calculated by adding up the highest score possible for each lesion belonging to that category. Lesion categories and maximum severity score for each category are as follows: maternal vascular malperfusion (maximum score of 13), implantation site abnormalities (max score 4), histological chorioamnionitis (maximum score of 11), placental villous maldevelopment (maximum score of 5), fetal vascular malperfusion (maximum score of 6), chronic uteroplacental separation (maximum score of 3), maternal-fetal interface disturbance (maximum score of 5), and chronic inflammation (maximum score of 6).
Gross anatomy (e.g., placental weight, umbilical cord length) was obtained from the corresponding historical placental pathology reports, in addition to several microscopic lesions (eg, placental infarction, chronic deciduitis), ajog.org
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because the tissue biopsies were collected from areas that appeared grossly normal and included only villous parenchyma (ie, maternal decidua was not sampled).
Visualization and clustering analysis of histopathology data
The placental lesion severity scores in the 142 samples were loaded into R 3.1.3. For each individual lesion, a mean severity score was calculated for the cohort as a whole and for each of the 5 gene expression clusters. For each etiological category (9 categories in all), a mean severity score was calculated based on the sum of severity scores for all lesions belonging to the category. Finally, a total pathology severity score was calculated for the whole cohort and each cluster by summing the lesion severity scores for all etiological categories.
The global relationships between the 142 placentas based on the histology information alone were visualized using t-distributed stochastic neighbor embedding (t-SNE) 45 with a perplexity of 13 (an estimate of each sample's number of close neighbors). t-SNE is a reduction method for visualizing complex data sets. It uses nonlinear transformation to map high-dimension data onto 2e3 dimensions while simultaneously preserving both the local and global structures of the original data.
Because the histology data were not normally distributed, t-SNE was utilized for visualization instead of principal component analysis (PCA; see the following text). Histology scores for the samples belonging to each individual gene expressionebased subtype were also subjected to hierarchical agglomerative clustering, which treats each sample as their own cluster and then, based on distance metrics, successively merges pairs of similar clusters until the entire cohort is one cluster, forming a hierarchical tree. These results were visualized as phylogenetic trees, using the ape package. 46 
Concordance between placental histopathology and gene expression findings
To determine the degree of concordance between the previous gene expression profiles and histopathology across our Characteristic baseline
Pregnancy outcome GA at delivery, wks
35 (3) 37 (4) 31 ( 29 (3) 34 (4) 34 ( (20) 50 (23) 11 ( 57 (27) 9 (13) 58 ( .24
Placental weight percentile 27 (38) 47 (37) 5 ( 67 (39) 16 (33) 60 (28) < .01
Continuous variables are expressed as mean (SD) and discrete variables are percentages (n/N).
AST, aspartate transaminase; BMI, body mass index; dBP, diastolic blood pressure; EDV, end diastolic velocity; EFW, estimated fetal weight; HTN, hypertensive; MCA, middle cerebral artery; NICU, neonatal intensive care unit; Normo, normotensive; PI, pulsatility index; sBP, systolic blood pressure; SGA, small for gestational age. Focal perivillous fibrin 5 (10) 13 (25) 5 (45) 1 (8) 3 (21) .03
Decidual vasculopathy 3 (6) 7 (13) 2 (18) 0 (0) 2 (14) .30
Implantation site abnormalities
.27
Increased basement membrane fibrin
Histological chorioamnionitis
Placenta villous maldevelopment
.40
Delayed villous maturity
Fetal vascular malperfusion
Maternal-fetal interface disturbance
Massive perivillous fibrin deposition
Maternal floor infarction pattern
Intervillous thrombi 9 (17) 7 (13) 4 (36) 1 (8) Original Research OBSTETRICS ajog.org Pathology severity for the total patient cohort and across each gene expressionebased cluster by individual lesion, etiological category, and total pathology score (continued) Maximum severity score by category was as follows: maternal vascular malperfusion (maximum score 13), implantation site abnormalities (maximum score 4), histological chorioamnionitis (maximum score 11), placental villous maldevelopment (maximum score 5), fetal vascular malperfusion (maximum score 6), chronic uteroplacental separation (maximum score 3), maternal-fetal interface disturbance (maximum score 5), and chronic inflammation (maximum score 6). 
Samples not meeting the described criteria were classified as discordant. Cluster 5 had no clear defining features (outside the identified chromosomal abnormalities); therefore, all placentas in this cluster were classified as discordant.
A PCA plot of the gene expression data from the 142 placenta samples with available histopathology was recolored to demonstrate the gene expressionebased relationships between samples with concordant and discordant placental histological features. Principal component analysis is another dimension reduction method that uses linear transformations of the data and was used in this case for consistency with our prior gene expression study.
The goal of PCA is to create a set of new variables, termed principal components (PC) that are independent and composed of mixtures of the original variables. The total number of PC variables is equal to the total number of samples in the data set, and they are ranked from highest variance to lowest. PCA was performed in R using the prcomp function and the first 3 components (PC1-3) were visualized with the plot3d function (rgl library) because these represent the highest proportion of the variation in the data set.
To achieve the visual semitransparency of the spheres included in PCA plot, the plot3d alpha was set to 0.2.
A mean value for each of PC1, PC2, and PC3 for each gene expressionebased cluster (ie, the center of the cluster on the 3-dimensional PCA plot) was calculated using the 142 samples with available histopathology. For each sample belonging to a concordant or discordant group of interest, the Euclidean distance between its PC1-3 location on the plot and the center of the cluster of interest was calculated, using the dist function in R. The relative locations of various groups were then compared by Wilcoxon rank sum tests.
Statistics
Descriptive data are presented as means with SDs and categorical variables as proportions and counts. Fisher exact tests were used for the comparison of categorical variables across the clusters, and Kruskal-Wallis tests and Wilcoxon rank sum tests were used for continuous variables, followed by Bonferroni correction for multiple comparison testing, as appropriate. The frequency of histological findings as well as severity scores for each individual lesion, each etiological category, and total pathology score were also compared among the clusters using Fisher exact tests and Kruskal-Wallis tests, respectively. c 2 goodness-of-fit tests were used to determine whether the degree of gene expressionehistological concordance observed within the entire cohort and each cluster was significant. Values of P < .05 were considered to indicate statistical significance.
Study approval
Ethics approval for this study was granted from the Research Ethics Boards of the Ottawa Health Science Network (#2011623-01H), Mount Sinai Hospital (#13-0211-E), and the University of Toronto (#29435). All women provided written informed consent for the collection of biological specimens and clinical data.
Results
Patient characteristics
Of the 157 samples included in our original microarray study, 142 (90%) had matched placental tissue biopsies available for histological assessment. Clinical characteristics of the gene expressionebased clusters, by maternal hypertensive status, are shown in Table 1 . Of the clinically relevant PE subtypes (clusters 1e3), hypertensive women in clusters 2 and 3 were more likely to develop PE (Fisher exact test, P ¼ .02), deliver earlier (KruskalWallis test, P <.01), and give birth to SGA neonates (Fisher exact test, P ¼ .03) compared with hypertensive women belonging to cluster 1.
As expected, normotensive women in cluster 4 delivered preterm (mean gestational age, 29 weeks). In cluster 5, both normotensive and hypertensive women tended to deliver around the same gestational age (Wilcoxon rank sum test, P ¼ .89); however, there were more SGA neonates in the hypertensive group (Fisher exact test, P ¼ .07).
Placenta pathology findings according to gene expressionebased cluster subtype of preeclampsia
The frequency of histological findings (Table 2 ) and the severity scores of observed lesions (Table 3) were compared across the gene expressionebased clusters. Placentas from cluster 1 demonstrated minimal evidence of placental pathology, with the lowest frequency of observed lesions for each histological category and the lowest total pathology score (mean score, 2.44; Kruskal-Wallis test, P < .01).
The most severe placenta pathology was seen in placentas from cluster 2 (total pathology score of 5.40; KruskalWallis test, P < .01), including the 3 placentas with the highest total pathology scores in the cohort (each placenta had total pathology score of 9 because of severe grading in lesions of maternal vascular malperfusion lesions as well as intervillous thrombi and retroplacental hematomas). Interestingly, all 3 cases developed PE and delivered an SGA infant preterm. Overall, histopathology findings enriched in cluster 2 samples were maternal vascular malperfusion lesions (Fisher exact test, P <.01) such as distal villous hypoplasia, placental infarctions, advanced villous maturity, and increased syncytial knots.
Original Research OBSTETRICS ajog.org Placentas from cluster 3 also demonstrated significant placental histopathology (total pathology score of 4.91; Kruskal-Wallis test, P < .01), with the presence of lesions consistent with a maternal-fetal interface disturbance (Kruskal-Wallis test, P ¼ .01) such as massive perivillous fibrin deposition, maternal floor infarct, and/or intervillous thrombi. Placentas belonging to cluster 4 displayed distinct lesions of histological chorioamnionitis (KruskalWallis test, P < .01), while there was no evident enrichment of any placental lesions identified in samples from cluster 5.
Additionally, we investigated the total pathology score in each gene expressionebased cluster by maternal hypertensive status (hypertensive vs normotensive; Supplemental Table 2 ). Histological chorioamnionitis severity was highest for normotensive women in cluster 4 (Kruskal-Wallis test, P < .01). Maternal vascular malperfusion lesion severity was higher in hypertensive women compared with normotensive women, across all clusters (KruskalWallis test, P < .01).
Severity scores for placenta villous maldevelopment, fetal vascular malperfusion, and chronic inflammation were increased in hypertensive women belonging to cluster 3 (Kruskal-Wallis test, P < .05). Interestingly, the sole hypertensive woman belonging to cluster 4 demonstrated a similar severity trend as hypertensive cluster 3 women.
Relationship among samples based on histopathology scores t-SNE was used to visualize the high dimensional relationships between the placental samples in 2-diimensioanl space, based on the quantitative severity scoring of histopathology. This revealed an overall congruency in the grouping of patients to those originally identified through gene expression clustering, particularly for the samples belonging to gene expression-based clusters 2 and 4 ( Figure 1A) .
Similar to the gene expression clustering findings, samples with similar 
t-SNE visualization of placenta samples by histology
Samples that plot closer together demonstrate more similar histopathology. A, Overall, the grouping of patients by histology demonstrated a general congruency to those originally identified through gene expressionebased clustering (cluster 1, black; cluster 2, red; cluster 3, green; cluster 4, blue; cluster 5, cyan). B, However, several subsets of samples with similar clinical features such as maternal hypertensive state (normotensive, chronic hypertensive, or preeclampsia), infant birthweight (appropriate for gestational age or small for gestational age), and gestational age at delivery (preterm [<34 weeks] or term) grouped together by histology, regardless of their placental gene expression profile, while other clinical phenotypes scattered throughout the plot. C, Samples with increasingly severe lesions of maternal vascular malperfusion (score range, 0e8, light to dark red) plotted on the lower half of the t-SNE plot, while the group of placentas on the top left of the plot was driven by the presence of histological chorioamnionitis (score range, 0e4, light to dark blue) (D). Samples with lesions of maternal-fetal interface disturbance (E) and/or chronic inflammation (F) were predominantly found along the right side of the plot (both range, 0e3, light to dark green).
AGA, appropriate for gestational age; CH, chronic hypertensive; N, normotensive; PE, preeclampsia; SGA, small for gestational age. Figure 1B) . In general, samples with increasing severity scores for lesions of maternal vascular malperfusion plotted on the lower half of the t-SNE plot ( Figure 1C) , while placentas with features of histological chorioamnionitis formed a group on the top left of the plot ( Figure 1D ). Samples with lesions of maternal-fetal interface disturbance and chronic inflammation were predominantly found along the right side of the plot (Figure 1, E and F) .
Histopathological subgroups within each gene expressionebased cluster identified by hierarchical clustering
Given the observed histological heterogeneity within the gene expressione based clusters (particularly clusters 1, 3, and 5), further hierarchical clustering of the histopathology severity scores within each individual gene expressione based cluster was performed to identify intracluster histological subgroups (Figure 2) . Within cluster 1, placentas from healthy pregnancies demonstrated histopathology-driven subgroups with: little to no pathology; meconium histiocytes/macrophages within membranes; or villitis of unknown etiology (Figure 2A) .
The PE samples in gene expressione based cluster 1 (n ¼ 14) split into 3 histopathology subgroups based on the severity of maternal vascular malperfusion lesions present: placentas with a score of 0e2 clustered with the healthy samples; placentas with a score of 3e4 formed a subgroup associated with term deliveries; and placentas with a score of 4e6 formed a subgroup with preterm deliveries. Approximately half of the normotensive preterm samples in this gene expressionebased cluster formed their own histopathology subgroup, driven by the presence of lesions consistent with histological chorioamnionitis.
Gene expressionebased cluster 2 samples were fairly cohesive by histopathology, with subgroup formation driven by the severity of maternal vascular malperfusion lesions and cooccurrence of chronic deciduitis ( Figure 2B ). Additionally, a small subgroup of samples in this cluster (n ¼ 6, 3 diagnosed with PE) exhibited little or no evidence of maternal vascular malperfusion histopathology.
In gene expressionebased cluster 3, the 11 samples clustered into 3 distinct histopathology subgroups: one with dominant features of massive perivillous fibrin deposition, maternal floor infarct, and/or chronic inflammation (PE/SGA/term); a second with signs of maternal vascular malperfusion (PE/SGA/preterm); and the third with minimal histopathology ( Figure 2C ). Within this third subgroup, 2 PE/appropriate for gestational age/term associated placentas showed evidence of intervillous thrombi. Furthermore, a single PE/SGA/preterm placenta displayed features of both maternal malperfusion and a maternal-fetal interface disturbance and clustered between the first 2 histopathology-driven subgroups.
Within gene expressionebased cluster 4, the majority of placentas demonstrated evidence of histological chorioamnionitis ( Figure 2D ). However, a small subgroup of samples (n ¼ 4) exhibited either minimal placental histopathology or lesions of maternal-fetal interface disturbance and chronic inflammation.
Finally, gene expressionebased cluster 5 samples, previously characterized as having chromosomal abnormalities likely because of confined placental mosaicism, 25 split into 3 subgroups by histology: one with little to no pathology (mostly term deliveries); one with severe features of maternal malperfusion (hypertensive with preterm deliveries); and a single placenta from a normotensive woman delivered preterm with evidence of histological chorioamnionitis ( Figure 2E ).
Relationship between gene expression and histopathology in each PE subtype
Overall, the degree of concordance between gene expressionebased classification and histopathology phenotype was 65% (93 of 142 samples; c 2 test, P < .01) (Figure 3) . By individual cluster, 62% Visualization of histology clustering within each gene expressionebased cluster Within a given gene expressionebased cluster, histopathology data were subjected to hierarchical clustering, and the results were plotted as phylogenetic trees. Samples plotting closer together demonstrated more similar histological features, with tips colored based on clinical outcome. Each subgroup of placentas identified was assigned a group label, colored based on the gene expressionebased cluster that the subgroup most closely resembled histologically (Panel A: cluster 1, black; Panel B: cluster 2, red; Panel C: cluster 3, green; Panel D: cluster 4, blue; Panel E: cluster 5, cyan). Maximum severity score by category was as follows: maternal vascular malperfusion (maximum score of 13), implantation site abnormalities (maximum score of 4), histological chorioamnionitis (maximum score of 11), placental villous maldevelopment (maximum score of 5), fetal vascular malperfusion (maximum score of 6), chronic uteroplacental separation (maximum score of 3), maternal-fetal interface disturbance (maximum score of 5), and chronic inflammation (maximum score of 6). 
Comment
Principal findings
In this study, we utilized standardized, quantitative placental histopathology to further characterize our identified distinct gene expressionebased subtypes of PE. In general, placental pathology findings mirrored cluster-specific gene expression/enrichment findings (65% overall concordance), providing strong evidence for at least 3 distinct forms of placenta disease underlying PE (Figures 1  and 3) .
Cluster 1 placentas, which appeared the healthiest by gene expression, exhibited minimal histopathology, whereas cluster 2 placentas displayed lesions consistent with maternal vascular malperfusion and similarly demonstrated an overexpression of hypoxia-mediated gene sets. Placental lesions consistent with a maternal-fetal interface disturbance defined several cluster 3 placentas, in agreement with the observed enrichment of immune response and proinflammatory gene sets in this group.
Additionally, placentas belonging to cluster 4, primarily made up of preterm control samples, were robustly associated with histological chorioamnionitis. A fifth cluster was originally identified, with no clear clinical, epigenetic, or ontological associations but with evidence of chromosomal abnormalities likely resulting from confined placental mosaicism. Unsurprisingly, no unique set of histopathology features was capable of defining this group of placentas. PE placentas within this group tended to display histopathology of other groups, such as those of gene expressionbased subtype 1 or 2, suggesting that placental mosaicism may not have its own histopathology signature. Together with gene expression results, this finding solidifies our notion that this may not be a true distinct subtype of PE but instead be a sampling artifact of isolated placental mosaicism.
Cases of discordance between placental gene expression and histology were found to be statistically enriched at the borders of gene expressionebased clusters when visualized on a PCA plot (Figure 3 ). This result indicates that these patients share some gene expression and histopathology features of both adjacent clusters, suggesting a possible intermediate phenotype.
Additionally, concordant subgroups within each gene expressionebased cluster, with agreement between gene expression and histopathology findings, often revealed subtle differences in the severity of observed placental lesions and/or co-occurrence of additional placental features. This finding suggests that a gradient of PE severity may exist within a cluster.
Lastly, the innovative integration of these modalities has further allowed us to identify smaller subgroups of patients within each PE subtype with likely mixed pathophysiology responsible for their disease development (Figure 3) . Recognizing PE subtypes, both from a gene expression and a histopathology perspective, resulted in groups of patients with less heterogeneity in terms of PCA plots of gene expressionehistological concordance and discordance These plots are modified from the original PCA plot in our prior gene expression study, restricted to the 142 samples with both gene expression and histological data available (gene expressionebased cluster 1, black; gene expression-based cluster 2, red; gene expressionebased cluster 3, green; gene expressionebased cluster 4, blue; gene expressionebased cluster 5, cyan). Placentas with concordant gene expressionehistological features are shown in full color from the front (A) and from the top (C), while samples with discordant gene expressionehistological features are shown in full color (front) (B) and (top) (D). Concordant patients form tighter groups by gene expression, plotting farther away from the borders, while discordant samples generally plot near the cluster with more similar histological features. Original Research OBSTETRICS ajog.org clinical presentation, disease severity, and pregnancy outcomes, indicating a refinement in the classification of PE populations with this approach.
Results in context
Advancing our understanding of the pathophysiologies underlying PE through the identification of clinically relevant disease subtypes would not only explain the heterogeneity observed in this disorder but also improve the care of women and babies affected by PE through etiological-based interventions. In this study, we have used the combination of gene expression profiling and clinical histopathology to confirm the presence of distinct PE patient populations with divergent forms of placental disease, moving beyond the classical separation of early-vs late-onset PE. Furthermore, our study has allowed us to better understand the patients belonging to each identified PE subtype. For example, our gene expression data set identified PE subtype 1 patients (gene expressionebased cluster 1) as those with normal placental gene expression, initially indicating minimal placental contribution to PE establishment/progression.
However, histopathology showed that the majority of PE patients found within this healthy placenta cluster did, in fact, demonstrate some evidence of maternal vascular malperfusion, despite no significant global alterations in gene expression patterns.
We would speculate that many of these patients may demonstrate a similar placental disease phenotype as PE subtype 2 patients (gene expressionebased cluster 2) but possibly a milder form of placental damage and/or a robust protective response to hypoxic stress. Interestingly, the PE subtype 1 patients would primarily be described as lateonset PE, whereas PE subtype 2 is enriched in early-onset PE patients.
The discovery of similar histopathology findings in both groups indicates that these clinically distinct subtypes of PE patients may have similar underlying forms of placental dysfunction, but the complexity and/or severity of the placental pathology present is reflected through the timing and severity of the clinical manifestation of disease in the mother.
Our findings further highlight the existence of women who develop PE despite no obvious placental contribution. Five PE subtype 1 patients (w6% of all PE samples) demonstrated very limited evidence of placental pathology, through both gene expression profiling and histopathology, identifying a true population of PE patients with healthy placentas.
These patients likely represent a subtype of PE pathophysiology driven in large part by maternal constitutive factors (ie, subclinical cardiovascular dysfunction), and we can speculate that these patients may be among those with the highest risk of cardiovascular disease in later life because of these subclinical cardiovascular risk factors. 7 Furthermore, we have revealed considerable similarity between the placentas from women with PE and those with chronic hypertension who did not develop PE in terms of their scored histological features, similar to our prior gene expression analysis. 25 This confirms that these 2 hypertensive states are nearly indistinguishable at the placental level, and matched maternal blood samples will be required to understand the transition from a chronic hypertension to a PE disease phenotype.
PE subtype 3 includes the most intriguing group of patients, who are currently poorly described in the literature. The core group of gene expressionehistological concordant PE patients found within cluster 3 demonstrates gene expression profiles and histological findings consistent with profound immune activation, including overexpression of tumor necrosis factora, interferon-g, chemokine ligand-10, and histological evidence of massive perivillous fibrin deposition. It may therefore be pertinent to investigate promising predictive biomarkers and therapeutic interventions used in the field of transplantation medicine for potential application to this unique immune-driven subtype of patients. 47, 48 Additionally, a significant discordant subgroup of hypertensive patients was also discovered within cluster 3, demonstrating dominant maternal vascular malperfusion lesions, despite gene expression profiles suggesting immune activation. Whether these are intermediate phenotypes of PE with mixed pathophysiology or the result of external factors, such as increased infiltration of maternal immune cells into these placentas, is unclear. Differences in immune cell populations in cluster 3 placentas, compared with the other clusters, is currently under investigation by our group.
Clinical implications
The identification of clinically relevant subtypes of PE through novel integration of gene expression and histopathology findings allows one to envision the development and/or application of etiology-focused screening tools and therapies for PE. For example, PE subtype 2 is defined by upregulation of classical angiogenic genes (eg, fms-like tyrosine kinase-1 and endoglin) and maternal vascular malperfusion. As biomarkers, these proteins are likely ideal candidates for identifying this specific subtype of PE patients.
Because PE subtypes 1 and 3 are not characterized by placental hypoxia and angiogenic dysfunction, patients belonging to these subtypes will likely not be identified by these markers, likely explaining the overall modest accuracy of these biomarkers in the prediction of PE as a single entity. 49e51 Furthermore, the clinical application of a divergent placental disease paradigm for PE has the potential to improve patient counselling and follow-up practices in regard to recurrence risks for subsequent pregnancies and short-and long-term health outcomes for mother and infants. For example, findings of massive perivillous fibrin deposition and maternal floor infarction are associated with a high degree of recurrence. 52 Considering that these placental lesions are highly enriched in PE subtype 3, these findings could be used to specifically identify this PE patient population as one at highest risk for PE recurrence. In a similar vein, PE subtype 1 patients may have the highest risk for future cardiovascular disease because many of these ajog.org OBSTETRICS Original Research patients demonstrated minimal placental contribution to disease establishment and instead may have had underlying subclinical cardiovascular dysfunction at the onset of pregnancy. This information could better inform referral practices to specialized postpartum cardiovascular clinics that aim to modify maternal cardiovascular risk after PE. 53 Well-described prospective cohort studies that focus on profiling maternalplacental-fetal contributions to disease are required to validate these hypotheses in future investigations. However, the potential to improve clinical care for women and infants affected by PE in a personalized medicine approach is clear.
Research implications
Placental pathology is an important modality for understanding placentamediated diseases such as PE. 54 While histopathology is classically a descriptive technique, we utilized a quantitative approach to comprehensively and systematically grade the presence and severity of placental lesions using a datacollection tool that reflects current consensus guidelines for placental pathology.
The generation of quantitative histopathology outputs allowed for data analysis modalities traditionally reserved for omics-type data sets (ie, clustering analysis) and, importantly, allowed for the novel integration of placental histopathology, placental gene expression, and clinical profile data sets, an approach integral to the validation of 3 clinically relevant PE subtypes. Our approach demonstrates that clinical placental pathology can be meaningfully incorporated with traditional basic science data sets to better understand disease pathophysiology and should be included as important variables in future studies investigating PE and other placentalmediated diseases.
A considerable strength of our research approach is the ability to reduce heterogeneity observed in PE, an issue that has plagued research endeavors in the field. By utilizing the disease subtype paradigm, we were able to characterize more homogeneous patient groups in terms of gene expression, clinical characteristics, and placental pathology. For example, by viewing the disorder from the perspective of disease subtypes as opposed to traditional clinical diagnosis, we delineated the variability in PE placental pathology reported in previous studies. 19,55e57 Moving forward, the use of a PE subtype paradigm may allow for more homogeneous patient population selection in study designs, leading to greater scientific contributions in regard to understanding of disease pathophysiology, discovery of highly accurate predictive biomarkers, and targeted therapeutic interventions tailored to each disease subtype.
Strengths and limitations
A major strength of this study is our well-defined cohort, spanning the clinical spectrum of PE presentation, with robust clinical, gene expression, and histological data. To our knowledge, this study is the first to attempt to link gene expression data with histopathology to identify and described subpopulations of PE patients. While this approach has not been previously undertaken in the context of placental-mediated diseases, transcriptional and histological assessment to better phenotype tumors has been successful in the field of oncology.
58e61 Moreover, we limited the variability in our placental pathology assessments through the use of a standardized data collection form, established using evidence-based criteria for assessing the severity of placental lesions.
There likely exists some bias in our initial sample selection that may have minimized our identification of concordant cluster 3 (immune-driven) PE patients. The placentas originally selected for microarray analysis were limited to those associated with live births, and given that the histological features characteristic of cluster 3 PE patients (massive perivillous fibrin deposition and maternal floor infarct) are often lethal and observed earlier in pregnancy, 62e64 we have likely excluded the more severe and common form of this pathology.
Additionally, it is possible that some of the gene expression-histological discordance observed in our study is the result of sampling limitations. The placenta is a redundant structure composed of hundreds of chorionic villi over a large surface area. While we utilized 4 biopsies randomly drawn from each quadrant of the placenta, the histological and molecular analysis was not performed on identical tissue samples. It is conceivable that sampling could have occurred in regions of the placenta that have different pathology or cellular composition. The use of 4 biopsies should help to mitigate this effect, but higher sampling rates could be warranted in future studies.
Furthermore, while we applied a robust data clustering method, there is potential, albeit small, for patients to be misclassified based on the false-positive error inherent to this type of statistical modelling. For example, one PE woman who delivered at term with no evidence of intrauterine infection was assigned to gene expressionebased cluster 4, a cluster defined by normotensive patients with preterm deliveries and gene expression and histopathology findings consistent with chorioamnionitis. Further validation of integrated gene expression and histopathology data sets unique to distinct PE subtypes in additional patient cohorts will help clarify the issue of patient misclassification in future work.
Conclusions
Collectively, this body of work has confirmed and contributed to an expanded understanding of the divergent pathophysiologies underlying a PE diagnosis. Critically, histopathology can be used as a quantitative measure when applied using a systematic scoring system. Specifically, our findings in this current study demonstrate that distinct PE phenotypes of placental disease can be described by integrating histopathology and gene expression. these distinct patient populations within the clinical setting is a critical first step in the generation of effective predictive and diagnostic biomarkers, targeted therapeutic approaches, and clinical management of these PE subtypes. n
SUPPLEMENTAL FIGURE 1
Glossary of Terms ape package: R package with functions for reading, writing, plotting, and manipulating phylogenetic trees.
Appropriate-for-gestational-age (AGA): Neonatal birth weight >10 th percentile for gestational age and sex.
Bayesian Information Criterion (BIC): Criterion for model selection that works by rewarding models that fit the data well while penalizing overly complicated models with a lot of parameters to avoid over-fitting the data. The model with the lowest BIC is the optimal model.
Chronic hypertension: Systolic pressure !140 mmHg and/or sustained diastolic !90 mmHg before 20 weeks gestation.
Concordant samples: Placentas with agreement between gene expression and histopathological findings.
Discordant samples: Placentas where gene expression and histopathology are not reflective of one another.
dist function: Base function in R that computes the distances between the rows of a data matrix.
Euclidean distance: The "straight-line" distance between two points (i.e. the length of a line connecting the two points).
Hierarchical agglomerative clustering: A method of clustering analysis that treats each sample as their own cluster and then, based on distance metrics, successively merges pairs of similar clusters until the entire cohort is one cluster, forming a hierarchical tree.
Perplexity: A parameter that can be modified while performing t-SNE analysis in R. An estimate of the optimal number of neighbours (recommended values are between 5 and 50).
Phylogenetic trees: A visualization tool for demonstrating the degree of relatedness of samples obtained from clustering analysis. It is a type of dendrogram/hierarchical tree.
plot3d function: Function in R (included in the rgl package) that plots the first three principal components (principal component 1 (PC1), PC2, and PC3) obtained from principal component analysis (PCA). These three components represent the most variability in the data set. Samples that plot closer together are more similar.
prcomp function: Base function in R that performs principal component analysis. PCA is a linear method of data reduction that converts high dimensional data (ex. gene expression data) into new independent weighted variables called "principal components" (PCs). Genes with highly linearly correlated expression and responsible for the most variance in the data will contribute the most to the first principal component (PC1). Those weighted strongly in principal component 2 (PC2) are those that contribute the second greatest to the data variance and exhibit a significant linear correlation to each other, but are independent of PC1. This continues for PC3 onwards, depending on the number of samples. Once the contribution of each gene to each principal component is determined, these are used in combination with the original expression values to calculate a weighted score for each sample for each component.
Preeclampsia:
The onset of hypertension (systolic pressure !140 mmHg and/or diastolic pressure !90 mmHg) after 20 weeks' gestation with proteinuria (>300 mg protein/day, or !2+ by dipstick).
Preterm: Delivery before 34 weeks of gestation.
Small-for-gestational-age (SGA): Neonatal birth weight <10 th percentile for gestational age and sex.
t-distributed stochastic neighbor embedding (t-SNE):
A non-linear method of data reduction that works by calculating distance-based similarity scores between all the samples in high-dimensional space and then randomly projecting the sample points onto a two or three-dimensional plot.
With each iteration, a given sample is moved closer to other samples with high similarity scores and farther from those with low similarity scores until the relationships between the points (i.e. the matrix of similarity scores) in low-dimensional space reflects the relationships between the points in the original high-dimensional space, or the set maximum number of iterations is reached.
t-SNE plot: Visualization of t-SNE results. Unlike with PCA, the number of dimensions to be plotted (2 or 3) is pre-established and are all used to demonstrate the relationships between the points. Samples that plot closer together are more similar.
Unsupervised clustering analysis:
The identification of groups of samples based solely on similarities or dissimilarities in gene expression (or histological/proteomic/metabolomic, etc.) profiles, independent of clinical diagnosis or characteristics. Maximum severity score by category are as follows: maternal vascular malperfusion (maximum score of 13), implantation site abnormalities (maximum score of 4), histological chorioamnionitis (maximum score of 11), placental villous maldevelopment (maximum score of 5), fetal vascular malperfusion (maximum score of 6), chronic uteroplacental separation (maximum score of 3), maternalfetal interface disturbance (maximum score of 5), and chronic inflammation (maximum score of 6).
HTN, hypertensive; Normo, normotensive.
a Not included in the statistical analysis. Original Research OBSTETRICS ajog.org
